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Abstract Chromite ore processing residue (COPR) is gen-
erated by the roasting of chromite ores for the extraction of
chromium. Leaching of carcinogenic hexavalent chromium
(Cr(VI)) from COPR dumpsites and contamination of
groundwater is a key environmental risk. The objective of
the study was to evaluate Cr(VI) contamination in ground-
water in the vicinity of three COPR disposal sites in Uttar
Pradesh, India, in the pre-monsoon and monsoon seasons.
Groundwater samples (n = 57 pre-monsoon, n = 70 mon-
soon) were taken in 2014 and analyzed for Cr(VI) and rel-
evant hydrochemical parameters. The site-specific ranges of
Cr(VI) concentrations in groundwater were <0.005 to
34.8 mg L' (Rania), <0.005 to 115 mg L™ (Chhiwali),
and <0.005 to 2.0 mg L' (Godhrauli). Maximum levels of
Cr(VI) were found close to the COPR dumpsites and signif-
icantly exceeded safe drinking water limits (0.05 mg L ™).
No significant dependence of Cr(VI) concentration on mon-
soons was observed.
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Introduction

Chromium (Cr) is a widely used element in various industrial
activities such as metal plating and leather tanning.
(Kimbrough et al. 1999). It is a redox-sensitive transition met-
al and exists in the environment in either the trivalent (Cr(IIT))
or hexavalent (Cr(VI)) oxidation states. Its chemical proper-
ties and environmental behavior are directly related to the
dominant valence state. While Cr(III) is considered to be es-
sential to mammals for the maintenance of normal carbohy-
drate, lipid, and protein metabolism (Pechova and Pavlata
2007), Cr(VI) is known to be carcinogenic when inhaled
(Holmes et al. 2008) or ingested, e.g., with drinking water
(Sun et al. 2015). However, the most widely known reaction
of Cr(VI) is sensitization and elicitation of allergic contact
dermatitis (Shelnutt et al. 2007). Furthermore, Cr(VI) com-
pounds are also highly toxic to plants and are detrimental to
their growth and development (Nagajyoti et al. 2010). Due to
its toxicity, the World Health Organization determined a
guideline value of 0.05 mg L' for total Cr in drinking water
(WHO 2011).

Extensive groundwater contamination with Cr has been
reported in the area of Kanpur (Uttar Pradesh, North India),
which hosts a prominent cluster of leather-processing indus-
tries. The geochemical behavior and distribution of Cr in
aquifers have been studied in industrial areas of Kanpur
(Ansari et al. 1999, 2000; Dwivedi et al. 2015; Singh et al.
2009; Srinivasa Gowd et al. 2010), Unnao (Dwivedi et al.
2015; Srinivasa Gowd et al. 2010; Srivastava and Singh
2014), and Rania (Prakash et al. 2011; Singh et al. 2013).
Apart from groundwater contamination caused by industrial
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effluents, the illegal disposal of Cr-containing waste is a
primary Cr source. This waste originates from production
sites of basic chromium sulfate (BCS) located in Rania
and in Chhiwali, 30 and 40 km away from Kanpur, respec-
tively. Production of BCS occurs via the high-lime process
through which the insoluble Cr(III) present in the ore is
converted to soluble Cr(VI) and extracted by aqueous
leaching (Burke et al. 1991). The waste of this process is
the so-called chromite ore processing residue (COPR),
which is dumped at uncontrolled landfills close to the fac-
tories or in adjacent villages. Besides the large landfills,
COPR is found elsewhere in these areas, because it is com-
monly used in road construction, in berms, and as founda-
tion and backfill. Residual Cr contents of 81 and 74 g kg
have been measured in the COPR at two manufacturing
sites, of which 20 and 13%, respectively, were present as
Cr(VI) (Matern et al. 2016). Deposited COPR is not stable
and undergoes weathering, resulting in destabilization and
dissolution of Cr(VI)-bearing minerals (Chrysochoou et al.
2010; Geelhoed et al. 2002; Geelhoed et al. 2001). Leaching
of Cr(VI) from COPR was evident from the strong yellow
stain of well water. Field test kits indicated Cr(VI) concen-
trations of up to 80 mg L™ in piezometers close to the main
dumpsite in Rania (Singh et al. 2013). Leaching of Cr(VI)
from the COPR waste is directly linked to the incidence of
seepage water, expected to occur mainly during the mon-
soon season (July—September). It was, therefore, hypothe-
sized that Cr(VI) influx to the underlying aquifers would
vary seasonally.

Chromium(VI) contamination of groundwater affected by
COPR is not only an Indian issue but also a key environ-
mental risk arising at COPR sites worldwide. Concentrations
up to 91 and 6.7 mg L™ Cr(VI) have been measured in
Scottish COPR-affected groundwater and tributary stream,
respectively (Farmer et al. 2002). Burke et al. (1991) detect-
ed Cr(VI) concentrations up to 30 mg L' in groundwater
samples in New Jersey COPR-affected areas. Groundwater
Cr contamination has also been reported in China, Baltimore
(Maryland), and Japan (Burke et al. 1991; Li et al. 2011,
Sun et al. 2014).

The objectives of this study were (i) to identify and map
the COPR waste sites in three industrial areas, (ii) to inves-
tigate the geochemical characteristics of groundwater in the
surroundings of the COPR sites, (iii) to asses and classify
the groundwater quality with respect to Cr(VI) contamina-
tion, and (iv) to elucidate the influence of monsoonal pre-
cipitation on Cr(VI) mobilization from COPR sites. The
findings of this study describe the spatial dimension of
Cr(VI) contamination for three COPR-contaminated sites,
which is fundamental for the evaluation of environmental
risks and remediation strategies. This is important, since
the local population uses the groundwater not only for live-
stock rearing and irrigation but also for drinking.

Material and methods
Study area

The present study was carried out in the villages of Rania,
30 km to the west of Kanpur (district Kanpur Dehat) as well
as in Chhiwali and Godhrauli, 40 and 47 km, respectively, to
the southeast of Kanpur (district Fatehpur), in the State of
Uttar Pradesh, North India (Fig. 1). These areas contain sites
of historic or current production of the BCS used in the leather
tanning process. In Rania, the production of BCS commenced
in the late 1980s with the first manufacturing unit. In 1992,
four manufacturing units were already operating. These works
were closed in 2005 due to raised environmental concerns.
However, COPR from the production of BCS has been dis-
posed of in surrounding fields. In Chhiwali, two Cr works
were established in 2004, which are still in operation.
Several illegal waste dumps of unknown area and thickness
were found near Chhiwali and its neighboring village,
Godhrauli.

Geology and climate

Geologically, the study area is located in the central alluvial
Ganga plain that was formed in response to the development
of the Himalayas (Rao 1973; Singh 1996) and remains an
important link between Himalayan Orogen and Indian
Ocean since the early Quaternary period until now (Sinha
et al. 2010). The modern landscape of the region was primar-
ily formed due to the late Glacial/early Holocene incisions
associated with an intensified monsoon. The area has an al-
most flat topography gently running from northwest to south-
east (Singh et al. 2006b). These regions have a distinct stra-
tigraphy. As opposed to earlier belief that contribution of sed-
iments responsible for these plains has been predominantly
from Himalayas during most of the Quaternary period, recent
findings suggest that a contribution of sediments from cratonic
sources was also significant during the late Quaternary period
(Sinha et al. 2010). Such competition between Himalayan and
cratonic sources of sediments is evident in the subsurface al-
luvial stratigraphy in the region. The alluvial deposits of the
Ganga plains are predominantly constituted of micaceous
sand, silt, clay, gravel, and kankar, the maximum thickness
of alluvium being ~500 m above bedrock of Bundelkhand
granite (Srivastava et al. 2013). In Nauraiya Khera (Kanpur),
which is ~30 km east of the present study area, wells were
constructed to provide information about the subsurface lithol-
ogy of the region up to a depth of 50 m bgl using piezometers.
These investigations indicated that sediments in the area con-
sist of distinct layers of clay, fine sand, clay, medium sand,
clay and kankar, fine sand, and clay and kankar with varying
thicknesses (Singh et al. 2009). These authors also developed
fence plots of the subsurface lithology, which indicated the
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Fig. 1 Location of the area with COPR dumpsites and the investigated wells

wedge shaped and nonuniform nature of sandy clay as well as
sand layers.

In the study area, a three-tier aquifer system exists. A shal-
low (upper) aquifer including the phreatic zone extends to
varying depths of 25 to 130 m, a middle aquifer is located
between 90 and 240 m, and a lower aquifer extends to depth
between 180 and 450 m (Singh et al. 2006a). The upper aqui-
fer forms the main source of water supply to the dug wells and
shallow tube wells (Singh et al. 2006a) and has been observed

@ Springer

to be most contaminated with hexavalent chromium (Singh
et al. 2009).

The study area is situated in the humid subtropical climate
zone characterized with cool (November—February), hot
(April-June), and monsoon (July—September) seasons.
Heavy rainfall typically occurs during the monsoon season
in July, August, and September, accounting for almost 70 to
80% of the total precipitation (Chowdhury et al. 1982). Since
the monsoonal rain normally arrives in this area as early as
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June, two periods are determined for the convenience of de-
scription, namely pre-monsoon period (March-May), a time
before the occurrence of monsoonal rain and monsoon period
(June—September). From 2009 to 2013, the average rainfall
was 689 mm in the Kanpur Dehat district and 681 mm in
the Fatehpur district (India Meteorological Department
(IMD 2015a)), with about 85 and 89%, respectively, taking
place during monsoon (IMD 2015a).

Sampling

Altogether, 75 wells were investigated, from which 57
groundwater samples were collected in the pre-monsoon pe-
riod in April 2014 and 70 samples at the end of the monsoon
period in September 2014. The intention was to sample iden-
tical wells in the two sampling campaigns. However, some
wells were not available during the second sampling cam-
paign. In this case, alternative wells, close to the original ones,
were chosen. Overall, samples were taken from 52 wells in
both seasons. Groundwater samples were collected across the
entire study area from local hand pumps (LHP), India Mark-11
hand pumps, so-called common tube wells (CTW), open dug
wells (ODW), and others (two submersible pumps, one deep
tube well, one irrigation well, and one pond). Since the depth
of the wells (Rania: LHP and ODW 4 to 15 m, CTW 30 to
62 m; Chhiwali: ODW 7 to 11 m, LHP and CTW 31 to 76 m;
Godhrauli: CTW 22 to 46 m) is relatively uniform for the well
types, conclusions for the aquifers can be made. Concerning
the objective of this study, three aspects were especially con-
sidered in the selection of the wells: (i) to assess the extent of
the pollutant plumes, (ii) to study the influence of sampling
depth, which conforms to different types of wells, and (iii) to
identify local specifics. The hand pumps were sampled from
the outlets after flushing of about 30 L to remove stagnant
water. The samples were immediately filtered through a
0.45-um cellulose acetate filter (Merck) and collected in
acid-cleaned (conc. HNOs, supra pure, Merck) polyethylene
tubes without headspace. Sample aliquots were analyzed in
situ for Cr(VI) using a field test kit (Merck Millipore), while
other parameters like electric conductivity (EC) and speciation
were recorded on unacidified samples in the laboratory.
Although the samples were not acidified immediately on site,
no precipitation occurred prior to the measurements. For each
sample, well depth, well owner, and geographic coordinates
were recorded. Additionally, the owners of the wells were
consulted regarding the color and taste of the water during
the course of the year.

Analyses of the physical and chemical composition
of groundwater

Groundwater pH was measured potentiometrically after calibra-
tion using an ion-sensitive glass electrode (Aquatrode Plus,

Metrohm). The EC was determined using a conductivity probe
(SevenEasy, Mettler-Toledo). For the determination of alkalinity,
5 mL of each sample was titrated with 0.1 M HCl to pH 8.2 and
4.3 using a Metrohm 775 Dosimat and a Metrohm 728 Stirrer.
Chromium(VI) concentration was determined spectrophotomet-
rically at 540 nm (Lambda 25 UV/Vis Spectrometer,
PerkinElmer) according to the diphenylcarbazide method (US
EPA 1992). The detection limit for Cr(VI) in the samples was
0.005 mg L', The concentrations of F,Cl, SO427, PO437,
NO, , and NO; were determined by ion chromatography
(ICS-1000, Dionex). Concentrations of Ca, K, Mg, and Na were
measured by flame atomic absorption spectrometry (AAS, iCE
3500, Thermo Scientific) with an air-acetylene flame, and total
Cr (>1 mg L") was determined with a nitrous oxide-acetylene
flame. Nineteen elements (Si, Sr, Al, As, Ba, Cd, Co, Cr
(<1 mg Lfl), Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, U, V, and Zn)
were analyzed by inductively coupled plasma mass spectrometry
(ICP-MS, X-Series II, Thermo Scientific).

Statistical evaluation

Descriptive statistics were performed with the measured
values of the samples collected in the pre-monsoon period
and at the end of the monsoon period using Origin 8.5
(OriginLab). Statistical data evaluation was performed by
the software IBM SPSS Statistics (Version 21). Basically,
the nonparametric Spearman rank correlation coefficient was
determined as a measure of the statistical dependency between
variables, since some of the variables were not normally dis-
tributed. Significance was considered in circumstances where
p <0.01. A two-sample 7 test assuming equal variances was
applied to investigate if log-transformed Cr(VI) levels of the
pre-monsoon and monsoon sampling campaigns differed sig-
nificantly. The test was applied to the whole sample collec-
tively and to subsample groups that accounted for the degree
of contamination.

Results and discussion
Mapping of COPR dumpsites

Many of the COPR waste sites in Rania, Chhiwali, and
Godhrauli are located in densely populated residential areas,
in industrial or commercial areas, and in the vicinity of agri-
cultural land (Fig. 1). Details of the coordinates of these sam-
ple locations, the estimated area, and the starting date and
duration of landfill operations are provided in the supplemen-
tary material (Table S1). In Rania, the main COPR dumpsite
(#E) covers an area of about 55,800 m” and is located opposite
to a closed BCS manufacturing unit. The thickness of the
COPR heaps is highly variable and is visually estimated to
be between 0.5 and 1.5 m. The factory site itself also hosts
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huge quantities of COPR waste. Besides the main dumping
site, several small waste sites are located along the road in
Umran, where the COPR was partially used as a base material
in road construction (#A). However, no COPR dumps could
be identified in Khan Chandpur. In Chhiwali, the main COPR
dumpsites have an area of about 2100 m? (#H) and 8100 m>
(#K). Furthermore, several small dumpsites (<350 m?) are
dispersed in this area either along the Kanpur—Allahabad high-
way or next to the side roads. Notably, in the case of dumpsite
#H, parts of the village are directly located on the waste heap,
which affects the people living there on an unimaginable
scale. In Godhrauli, five COPR dumpsites with areas ranging
from 100 to 5200 m” could be identified. The dumpsites are
located outside the village in an area of intensive agriculture.
During the monsoon season, Cr is leached out from the COPR
waste and flushed over the fields. Matern and Mansfeldt
(2016) reported a Cr content of 0.54 g kg ' in an agricultural
soil close to the dumpsite #Q, of which about 9% was present
in the mobile or exchangeable form.

Geochemical characteristics of groundwater

Table 1 shows the descriptive statistics of the investigated
groundwater samples. For all analyzed solutes, except F,
NO; , As, Cr, Mo, Ni, and U, the measured maximum
values were below the drinking water guidelines set up by
the WHO (2011) and are hence not discussed further. This
also holds for Ni, which slightly exceeded the guideline value
in one sample only (5% above WHO standard). Important
parameters of the investigated wells in the study area
(Table S2) as well as detailed element concentrations
(Tables S3 and S4) are listed in the SM.

Fluoride contamination Consumption of water with elevated
F causes fluorosis, which is the most prevalent groundwater-
related disease in India (Mumtaz et al. 2015). Fluoride con-
centrations were found to be high in the study area, with max-
imum values of 6.3 mg L' (Rania), 33 mg L' (Chhiwali),
and 10.9 mg L' (Godhrauli). Overall, 75% of the wells
exceeded the guideline value of 1.5 mg L™" (WHO 2011).
No differences in contamination were observed between the
different types of wells. Altogether, F~ concentration in
groundwater varies without any obvious trend, indicating a
sporadic occurrence. Fluoride contamination has been found
elsewhere in Uttar Pradesh (CGWB 2010) and has been relat-
ed to the weathering of the Indo-Gangetic alluvium (Kumar
and Saxena 2011). Raju et al. (2012) reported concentrations
up to 6.7 mg L' in wells of the Sonbhadra district, Uttar
Pradesh.

Nitrate contamination Nitrate is considered to be relatively

nontoxic. However, there is a risk of methemoglobinemia par-
ticularly to infants arising from elevated NO; concentrations
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in drinking water (Fewtrell 2004). Maximum nitrate concen-
trations in the study area were 230 mg L! (Rania),
4481 mg L' (Chhiwali), and 135 mg L' (Godhrauli), and
the highest NO; ™~ values (>500 mg L") were found in ODWs.
In total, 25% of the wells exceeded the guideline value of
50mg L' (WHO 2011) with wells in Chhiwali having higher
incidence (71%) and severity of contamination. Elevated
NO; concentrations up to 375 mg L' have also been report-
ed for Fatehpur district (CGWB 2010). Sankararamakrishnan
et al. (2008) reported NO;~ concentrations up to 735 mg L ™"
in Kanpur Dehat district. Nevertheless, NO;  concentrations
as high as measured in our study area have not been observed
before in Uttar Pradesh. Nitrate contamination may arise from
runoff from agricultural fields after excess application of ni-
trogen fertilizers, the disposal of untreated human or animal
waste (Chakraborti et al. 2011), or the oxidation of organic
nitrogen compounds in soil by chromate.

Arsenic contamination Groundwater As contamination in
the Ganga Plain is primarily observed in the floodplains, since
its sources are the rivers originating from the Himalaya
Mountains (Chakraborti et al. 2009). However, As concentra-
tions in the upper Ganga plain are lower than reported for the
middle and lower Ganga plain. Arsenic is classified by the
International Agency of Research on Cancer (IARC) as a class
I carcinogen that exhibits acute and chronic toxicity depend-
ing on the type of exposure (Hettick et al. 2015). Hence, the
WHO (2011) has set up a guideline value of 10 pg L.
Arsenic concentrations were elevated in 11% of the wells with
maximum concentrations of 51 pg L' (Rania), 75 ug L™
(Chhiwali), and 13 ug L' (Godhrauli) and predominantly
present in the upper aquifer up to a depth of 12 m.
Chakraborti et al. (2009) reported As concentrations up to
707 ug L' for the adjacent Allahabad district. In the same
study, 66% of the wells contained As above the WHO guide-
line value and As contamination mostly occurred in shallow
hand tube wells (depth 7.5 to 40 m).

Molybdenum contamination Molybdenum is an essential
trace element for plants, animals, and humans (Gupta 1997);
however, ruminants may develop molybdenosis, a Mo-
induced copper deficiency at higher consumption
(Underwood 1976). Furthermore, chronic oral exposure can
result in gastrointestinal disturbances, growth retardation, ane-
mia, hypothyroidism, bone and joint deformities, sterility, and
liver and kidney abnormalities (Afkhami et al. 2009).
Molybdenum concentrations were elevated in 16% of the in-
vestigated wells with maximum concentrations of 364 ug L™
(Rania), 1900 g L' (Chhiwali), and 35 pug L™ (Godhrauli),
compared to the health-based guideline value being 35 ug L™
(WHO 2011). Elevated Mo levels were restricted to ODWs.
To the best of our knowledge, elevated Mo concentrations
have not been reported previously for any parts of Uttar
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Table1 Physical and chemical parameters of the groundwater in Rania (» = 70), Chhiwali (n = 42), and Godhrauli (n = 15), as well as the guideline
values set up by the WHO (2011)

Unit Rania Chhiwali Godhrauli WHO

Min. Max. Med. Min. Max Med. Min. Max. Med.

pH ) 7.8 8.6 8.3 7.7 8.7 8.3 7.7 8.6 8.3 n.v.
EC (mS cm™ ") 0.6 4.6 1.1 0.8 16.2 24 1.0 2.6 1.6 2.5%
Alkalinity (mmol L") 6.3 25.1 9.1 6.9 39.3 12.3 7.1 15.6 12.0 n.v.
Cr(VI) (mgL™") LDL 34.8 0.01 LDL 115 0.01 LDL 1.99 0.30 0.05
Cr(1II) (mg Lfl) LDL 5.63 LDL LDL 6.30 LDL LDL 0.36 LDL 0.05
Clr (mgL™") 9.85 486 57.5 12.11 1616 213 66.4 235 120 n.v.
F (mgL™h LDL 6.31 2.04 LDL 331 1.77 0.69 10.9 3.65 1.50
NO;3~ (mg L™ LDL 230 451 LDL 4481 137 LDL 135 34.5 50
S0 (mg L™ 2.59 369 52.8 3.68 2301 228 394 351 126 n.v.
Ca (mg L™ 4.87 157 52.8 8.77 283 54.6 16.5 83.2 52.6 n.v.
K (mgL™") 2.02 776 4.52 1.00 3289 7.69 8.62 105 25.3 n.v.
Mg (mgL™") 9.99 107 39.9 6.84 429 49.9 11.9 88.5 54.9 n.v.
Na (mgL™") 40.8 427 97.2 45.7 991 305 81.3 407 142 n.v.
Si (mgL™") 6.69 353 12.8 10.2 234 159 8.02 222 134 n.v.
Sr (mgL™") 0.23 2.99 1.13 0.22 9.50 1.39 0.35 5.75 2.10 n.v.
Al (ng Lfl) LDL 13.5 LDL LDL 26.0 LDL LDL 16.0 LDL n.v.
As (ugL™h LDL 50.5 0.5 LDL 74.5 1.5 LDL 12.5 0.5 10
Ba (ugL™h 19.0 400 99.8 15.0 319 53.5 36.0 410 117 700
Co (ng Lfl) LDL 1.0 LDL LDL 1.5 LDL LDL 0.5 LDL n.v.
Cu (ugL™h LDL 20.5 0.5 LDL 14.0 1.5 LDL 5.0 1.0 2000
Fe (ng Lfl) LDL 38.0 2.0 LDL 85.5 4.0 0.5 102 3.5 n.v.
Mn (ngL™ LDL 970 5.5 LDL 940 75 LDL 106 8.5 n.v.
Mo (ug L™ 1.0 364 7.0 15 1900 22.0 25 345 18.5 700
Ni (ugL™h LDL 73.0 0.5 LDL 9.5 0.5 LDL 2.5 1.0 70
Pb (ugL™h LDL 1.5 LDL LDL 1.0 LDL LDL 25 LDL 10
Sb (ugL™h LDL 3.0 10.0 0.5 25 1.0 0.5 8.5 1.0 20
Se (ugL™ LDL 18.5 1.5 0.5 32.5 35 LDL 12.5 2.0 40
U (ugL™h 2.0 115 24.3 14.0 350 66.5 8.0 108 54.0 30
\% (ugL™h 3.0 72.0 9.0 1.5 63.0 8.0 1.0 9.0 5.5 n.v.
Zn (ugL™h LDL 1323 12.5 LDL 690 19.3 2.0 1629 68.0 n.v.

NO, , PO,> and Cd are below the analytical detection limit and thus not listed

n.v. no formal guideline value, EC electric conductivity, LDL lower detection limit

 According to European Union (Drinking Water) Regulations 2014
® Health-based value

Pradesh. Elevated Mo concentrations are possibly derived
from weathering of black shales of the Himalayas (Rahaman
et al. 2010).

Uranium contamination Exposure to U can cause both ra-
diological and chemical toxicities, e.g., nephrotoxicity, al-
though the chemical toxicity is more relevant here (Kurttio
et al. 2006). Uranium concentrations were found to be high
in the study area, with maximum values of 115 ng L!
(Rania), 350 pg L™' (Chhiwali), and 108 pg L'

(Godhrauli). Altogether, 59% of the wells exceeded the
WHO guideline value of 30 pug L™'. These values are distinct-
ly higher than those reported by Kumar et al. (2015) who
found U concentrations up to 63 pg L™" in Uttar Pradesh, with
the maximum U value for Fatehpur being 36 ug L™'. Higher U
concentrations were found in the state of Punjab, North India,
with maximum U values of 579 pg L' (Bajwa et al. 2015).
The reason for elevated U concentrations is unexplained, but
local mineralogical composition may be the contributing fac-
tor (Kumar et al. 2015).
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Problem of salinity Groundwater salinity is a growing prob-
lem in several Indian states (Chakraborti et al. 2011). In Uttar
Pradesh, instances of salinity have been reported previously,
resulting mainly from excessive groundwater use for irrigation
(Chakraborti et al. 2011). The WHO has not established a
guideline value for salinity, but water with an EC up to
2.5 mS cm ' is drinkable according to European Union
(Drinking Water) Regulations (2014). The Bureau of Indian
Standards (BIS 2009) has recommended a drinking water
standard for salinity of 0.75 mS cm ' that can be increased
to 3.0 mS cm ' in case of no alternate source. Relatively high
values of EC were found in the study area with a maximum of
4.6 mS cm ' (Rania), 16.2 mS ¢cm ' (Chhiwali), and
2.6 mS cm ' (Godhrauli), although the ODWs were more
affected than the other wells. Wells with elevated EC values
higher than 2.5 mS cm ' are marked in blue in Fig. 1. Overall,
17% of'the wells showed EC values above the guideline value.
However, 70% of the affected wells were placed in Chhiwali.
Thus far, only local spots with EC values above 3.0 mS cm
have been reported for some districts in Uttar Pradesh (CGWB
2010). Elevated values of EC are not attributed to the COPR
dumps, since they are also observed in wells located in areas
unaffected by COPR. Indeed, high Cr(VI) concentrations lead
to elevated EC values from 1 to 2 mS ¢cm '; the highest EC
values (2.5 to 16 mS cm™ ') were found in samples being
totally uncontaminated with Cr.

Main cations and anions Solutes like CI SO427, Ca, K, Mg,
and Na are not a significant risk for human health even at
higher concentrations as long as the salinity does not exceed
critical values. However, they are important parameters for
identifying the groundwater characteristics and tracking any
temporal changes in the chemical composition of groundwa-
ter. The highest values of the aforementioned elements were
found in wells in Chhiwali (Table S4). ODWs with depths
around 11 m were more affected than other wells, although
one CTW (55 m) and one submersible pump (91 m) also
showed high CI', SO427, and Na values.

Cr(V]) distribution in the groundwater

Figure 1 and Table S3 of the SM show the Cr(VI) dis-
tribution in the investigated samples. The samples were
classified according to their total Cr concentrations as
highly contaminated (Cr >1 mg L', red), moderately
contaminated (0.05 mg L' < Cr < 1 mg L', orange),
and uncontaminated (Cr <0.05 mg L™, green).
Chromium(VI) concentrations in Rania ranged from below
the detection limit (low detection limit (LDL)) up to
35 mg L™". High Cr(VI) concentrations were mainly present
in LHPs and CTWs but not in OWDs. However, even deeper
aquifers (well no. 29) seem to be contaminated, with Cr(VI)
concentrations up to 2.47 mg L' at 175-m depth. Overall,
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21% of the wells were moderately contaminated and 28%
were highly contaminated, with the highest Cr(VI) concentra-
tions being found close to main COPR dumping site
(23 mg Lfl), northward along the street in Umran
(35 mg L") and in the village Khan Chandpur (30 mg L")
lying approximately 2 km south of the main dumping site
(#E). Chromium(III) concentrations were found to be distinct-
ly lower (up to 5.6 mg L") and were correlated with Cr(VI)
concentrations. Since Cr(III) is not leached from COPR in
significant amounts (data not shown), incidence of Cr(III)
may point to a partial Cr(VI) reduction in the vadose zone or
in the groundwater as well as the oxidation of organic material
in soils by Cr(VI). Farmer et al. (2002) reported that Cr(VI)
reduction by humic substances and the formation of Cr(III)—
humic complexes in COPR affected groundwater in Glasgow.
However, Cr(Ill) associated with organic material in ground-
water was site-specific in the Glasgow study.

The villages Prasidhpur (1 km east of the dumpsite) and
Bilsarayan (3 km south of the dumpsite) and the western part
of Umran were uncontaminated. The high Cr(VI) levels in the
wells south of the highway and north of Khan Chandpur could
not be related to the presence of COPR dumpsites located in
direct vicinity. We therefore hypothesize that the well contam-
ination stems from a Cr(VI) plume spreading in south-
southeastern direction from the main dumpsite north of the
highway. If this were the case, the plume would have covered
a distance of 1 km approximately since the operation of the
dumpsite was initiated. The direction of groundwater flow and
the rate of plume spreading were confirmed by the determina-
tion of the hydraulic gradient. Therefore, we used the piezo-
metric levels and GPS coordinates of ODWs ~3 and ~1.5 km
apart from one another, with one ODW located in the village
of Khan Chandpur (Table S5). Evaluation of the hydraulic
triangle gave a regional maximum hydraulic gradient of
0.000537 m m™ "' with a south-southeastern groundwater flow
direction. Assuming a saturated hydraulic conductivity of
10 m s and a porosity of 0.5 m® m >, this yields a pore
water velocity of 0.093 m day '. Neglecting both adsorption
of chromate and anion exclusion, this is equivalent to a 30-
year traveling distance of 1 km approximately. Since COPR
production in Rania started in the late 1980s, this provides a
strong indication for the dumpsite as the cause of an advanc-
ing Cr(VI) plume. The main dumpsite is considered to be in
the center of the plume, showing the highest Cr(VI) concen-
trations up to 80 mg L', measured through a piezometer
installed at the dumpsite (Singh et al. 2013). Most probably,
the contamination north of Umran could be considered dis-
connected from this plume as some smaller heaps were found
along the roadside. Singh et al. (2013) investigated 21 wells in
this area and reported a similar Cr(VI) distribution in Rania,
but Cr(VI) concentrations northward along the street in Umran
never exceeded 1.5 mg L' In general, Cr(VI) distribution
varied on a small scale; e.g., two LHPs with the same depth,
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which were located in the northern part of Umran and sepa-
rated by ~10 m, had Cr(VI) concentrations of 0.21 (moderate-
ly contaminated) and 3.95 mg L' (highly contaminated).

In Chhiwali, Cr(VI) concentrations ranged from LDL to
115 mg L', although highly contaminated wells were only
found adjacent to the dumping sites. Chromium(III) concen-
trations in groundwater were also distinctly lower with a max-
imum value of 6.3 mg L Overall, 17% of the wells were
moderately contaminated and 8% of the wells were highly
contaminated. Furthermore, Cr(VI) contamination seems to
be restricted to the upper aquifers, since no elevated Cr(VI)
concentration was found below 40-m depth (Table S3 of the
SM). Small-scale variability of the contamination was also
observed here, but as opposed to Rania, no plume could be
identified. Wells in the northeast and southwest of the
dumpsite (#K) did not have elevated Cr(VI) concentrations;
however, one well had a slightly elevated Cr(IlI) concentra-
tion (0.085 mg LY. No Cr(VI) contamination was observed
in the southeastern part of the study area of Chhiwali. Even the
CTW located adjacent to the BCS manufacturing unit was
uncontaminated. Contamination in the northwestern parts of
Chhiwali seems bounded by a river, and an inflow of Cr(VI)-
contaminated water into the river cannot be excluded.

In Godhrauli, 13% of the wells were moderately contami-
nated and 38% were highly contaminated with Cr(VI) concen-
trations ranging from LDL to 2.0 mg L™'. As reported by the
villagers, visually, the Cr(VI) concentration of the moderately
contaminated wells seems to increase at higher water usage.
The data suggests that wells installed at a depth of ~22 m were
more contaminated than deeper wells (>30 m), although the
number of samples is too low for any definitive conclusion.
As described for Chhiwali, Cr(VI)-contaminated water was
found close to the dumping sites and not elsewhere in this
area.

Altogether, the Cr(VI) concentrations in the three investi-
gated areas are in the range of the concentration reported for
Glasgow and New Jersey (Burke et al. 1991; Farmer et al.
2002). However, the maximum value found in Chhiwali is,
according to our knowledge, distinctly higher than that report-
ed elsewhere in the world.

Correlation of selected parameters

Correlation coefficient of selected parameters indicated strong
positive correlation between Cr(VI) and Cr(IIl) in the entire
study area (Table 2). Chromium(VI) inflow arises from
leaching of COPR dumpsites and is potentially at least partly
reduced to Cr(IIl) by soil compounds during percolation
through the subsurface. The association between As-Mo-U
arises from the geogenic source of these metals, since there
is no known anthropogenic source, which can contribute to
this type of association in the study area. No significant cor-
relations that were valid for the entire study area were found

for F and NO5; . However, a high correlation exists in the
Godhrauli area for NO;  and Cr(VI), as well as Cr(III).
Although this correlation is difficult to explain, some works
reported a link between Cr(VI) reduction and the presence of
NO; . Han et al. (2010) found an increase in chromate reduc-
tion when denitrification was high presumably because me-
tabolites increased. These metabolites are used by chromate-
reducing bacteria as electron donator, which seemed to be the
link between nitrate and chromate. It should be noted that in
the study area, many specifics exist and overlap, which makes
correlation, in general, difficult.

Influence of monsoon precipitation

Results of the ¢ test revealed no significant effect of the pre-
monsoon and monsoon periods on groundwater contamina-
tion by Cr(VI). This is supported by the fact that Cr(VI) con-
centration increased in some wells in the monsoon season,
while in others, it decreased (Tables 3 and S3). Median values
were relatively unaffected by sampling season (Table 3). This
holds for wells with Cr(VI) concentrations above the guideline
value, where 11 wells had higher and 10 wells had lower
Cr(VI) concentrations in the monsoon compared to the pre-
monsoon season.

In the design of the study, we hypothesized that monsoon
precipitation drives the influx of Cr(VI) from the COPR
dumpsites to the center of contaminant plumes and possibly
has a diluting effect at the plume fringes. However, this could
not be confirmed. A possible reason could be the weak south-
west monsoon season rainfall over India in 2014 (IMD
2015b). Seasonal rainfall was lower than normal in most parts
of the country. Uttar Pradesh received less than 42% of the
long-term average from 01 June 2014 to 30 September 2014
(IMD 2015b). Precipitation varied regionally resulting in even
lower rainfall percentages in the districts Fatehpur (—68%) and
Kanpur Dehat (=73%)(IMD 2015b). Furthermore, the time-
scales of infiltration and onward transport to the sampled
locations may be larger than the 2-month monsoonal period
considered in this study. In the investigated period, the
seasonality of Cr(VI) levels may thus rather be attributed to other
factors including (i) diurnal variations, (ii) irrigation effects, and
(iii) replacement of water in ODWs. Diurnal variations in the
individual wells seem to be dependent on water consumption.
Some villagers reported that the water is apparently clean in the
morning (colorless) and turns to be contaminated (yellowish)
after longer use in the evening. This effect could bias the sample
data since it was not possible to collect the samples at the same
time of the day in the two sampling periods. The effects of
irrigation are closely related to diurnal variations since irrigation
greatly increases the actual water demand. In response to
visually discernible contamination, in some cases, the villagers
replaced the water in the ODWs. Obviously, water was only
initially clean but turned contaminated within weeks. Under
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Table 2 Spearman rank
correlation coefficient (rg) of

Moderate correlation (rg = 0.5 to 0.7)

High correlation (rg = 0.7 to 0.9)

selected parameters

F Rania n.c.?
Chhiwali Ca, Mg, Sr, Mn
Godhrauli Na K, Se
NO;~ Rania n.c.
Chhiwali pH, Mg, Sr EC, CI', SO~
Godhrauli n.c. Cr(V1), Cr(III)
As Rania Alkalinity, Na, Mo
Chhiwali EC, Alkalinity, 1", SO,*", Na, Al, U Mo, V
Godhrauli Ba Sb
Cr(VI) Rania Cl, SO, Fe Cr(IIT)
Chhiwali Cr(III)
Godhrauli n.c. Cr(1II), NO5y~
Mo Rania Alkalinity, As
Chhiwali EC, Alkalinity, 1", SO,*", Na, U, V As
Godhrauli Co
U Rania EC, Alkalinity, Na, Se, V
Chhiwali EC, Alkalinity, Cl', Na, As, Mo, V
Godhrauli Mg EC, Alkalinity
Rania U Alkalinity, CI”, SO4>", Na
EC Chhiwali Alkalinity, K, Mg, As, Mo, Se, Sr, U, V CI, SO,*, NO5 ", Na
Godhrauli Si Alkalinity, CI", SO4*", Mg, Sr, U

Significance was considered in circumstances where p < 0.01

EC electric conductivity
a rg < 0.5

such conditions, observed Cr(VI) levels may not be representa-
tive depending on the time span between water replacement and
sampling Cr(VI) levels. Altogether, it can be assumed that
hydraulic windows exist between the different groundwater
stories, e.g., when well drilling was inappropriate. Thus, wells
providing water from uncontaminated aquifers may deliver
contaminated water when consumption is high and contaminated
aquifers are tapped.

It is noticeable that most of the wells showed decreased Ca
and increased Mg concentrations during the monsoon season
(Table S6), for which we do not have any explanations yet.
However, no significant effect of the pre-monsoon and mon-
soon could be observed for CI, SO427, K, and Na.

Conclusion and recommendations

Field sampling results showed that 95% of the sampled wells of
the study area do not provide safe drinking water. Most samples
exhibited multiple contamination with various elements and
compounds exceeding international threshold values. Although
F,NOs , As, Mo, and U were found to be elevated in most of
the investigated wells, Cr(VI) constitutes the most prominent
hazard due to its acute toxicity and exceptionally high concen-
trations. The severity of Cr contamination could be gauged from
the incidence of 19% of the wells that were classified as moder-
ately contaminated and 23% as highly contaminated. The mea-
sured concentration of 115 mg L™ in Chhiwali was higher than

Table 3 Cr(VI) concentration in

milligrams per liter in pre- Median

Max Number of wells®

monsoon and monsoon seasons

and number of wells with Pre-monsoon Monsoon Pre-monsoon Monsoon Increasing Decreasing
increasing and decreasing Cr(VI) Cr(VI) conc. Cr(VI) conc.
concentrations during the
monsoon season Rania 0.007 0.008 33.9 30.3 4 7

Chhiwali <0.005 0.011 78.3 115 5

Godhrauli 0.401 0.304 1.83 2.00 2 2

Only the wells investigated in both seasons were considered

2 Only wells with Cr(VI) concentration above 0.05 mg L™ were considered
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for COPR-affected groundwater bodies elsewhere in the world.
A total of 17 COPR dumps were identified as sources of Cr(VI)
groundwater contamination. Although the influence of monsoon
precipitation on Cr(VI) mobilization from the dumpsites could
not be established, this study clearly highlights the necessity of
immediate monitoring of the identified contaminants.
Monitoring of major components (Na, K, Ca, Mg, CI, SO42_,
and HCO; ") as well as hydrogen and oxygen stable isotopes may
also be useful in order to identify the geochemical characteristics
in water, including the temporal variability, and the connection
between surface water and groundwater. There is an urgent need
to inform the villagers about the danger of drinking the contam-
inated water. Color coding of the contaminated wells may be
helpful in this context. Remediation of the contaminated ground-
water may provide clean water to the local population on the
medium term only. Therefore, interim solutions should be sought
for. These could range from simple, yet robust, water treatment
methods applicable at the level of individual households to the
provision of safe drinking water by pipelines. The main COPR
dumpsites must be remediated either in situ by encapsulation/
stabilization or by disposal to a hazardous waste landfill.

This study is a first in-depth report on the reach of ground-
water pollution at the COPR dumpsites around Kanpur based
on a screening of potentially affected wells. Given this, some
aspects remain tentative regarding the hydrogeological setting
that should be addressed in future research. The use of multi-
level sampling techniques and a better characterization of the
downgradient transport are among the primary issues asides a
solution for the safe water supply to the residents.
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